ABSTRACT Pyridine nucleotides are redox coenzymes that are critical in bioenergetics, metabolism, and neurodegeneration. Here we use brain slice multiphoton microscopy to show that substantia nigra dopamine neurons, which are sensitive to stress in mitochondria and the endoplasmic reticulum (ER), display elevated combined NADH and NADPH (i.e., NAD(P)H) autofluorescence. Despite limited mitochondrial mass, organellar NAD(P)H is extensive because much of the signal is derived from the ER. Remarkably, even though pyridine nucleotides cannot cross mitochondrial and ER membranes, inhibiting mitochondrial function with an uncoupler or interrupting the electron transport chain with cyanide (CN − ) alters ER NAD(P)H. The ER CN − response can occur without a change in nuclear NAD(P)H, raising the possibility of redox shuttling via the cytoplasm locally between neuronal mitochondria and the ER. We propose that coregulation of NAD(P)H in dopamine neuron mitochondria and ER coordinates cell redox stress signaling by the two organelles.
INTRODUCTION
The pyridine nucleotides NADH and NADPH are redox coenzymes that are essential for the function of mitochondria and endoplasmic reticulum (ER), metabolism, and the responses of neurons to axonal injury (Ying, 2007; Wang and He, 2009 ). For example, pyridine nucleotides are required for bioenergetics (i.e., glycolysis in the cytoplasm and oxidative phosphorylation in mitochondria), polyADP ribosylation (which is implicated in DNA damage in the nucleus and cell death), cholesterol synthesis in the ER, axonal responses to injury (Ying, 2007) , and a wide variety of enzymatic reactions that affect neuronal function (e.g., by affecting the synthesis of monoamine transmitters). Reduced pyridine nucleotides produce spectrally identical autofluorescence, the NAD(P)H signal, which can be imaged in living tissue with two-photon microscopy (Huang et al., 2002) . Such studies have demonstrated NAD(P)H responses in neurons and glia (Kasischke et al., 2004) , but NAD(P)H has not been monitored in the living brain slice in dopamine (DA) neurons.
Substantia nigra (SN) DA neuron redox status is important because these neurons are subject to ongoing elevated redox stress, which, along with mitochondrial dysfunction and ER stress, may contribute to their death and Parkinson's disease (PD; Mercado et al., 2013; Beilina and Cookson, 2015; De Rosa et al., 2015) . In this light, interaction between the ER and mitochondria is of interest. Mitochondrial function and fission are controlled by the ER (Friedman et al., 2011; Richter et al., 2015) . Similarly, ER-mitochondrial interaction may be important for the Pink1-Parkin pathway, which is implicated in PD (Erpapazoglou and Corti, 2015) , and Ca 2+ homeostasis (Bononi et al., 2012) . In the latter case, Ca 2+ released from ER via IP 3 receptors into the cytoplasm is efficiently taken up by mitochondria. However, the hypothesis that there are redox interactions between ER and mitochondria has not been tested, although such coupling could be important for stress responses in DA neurons.
Here we use multiphoton microscopy in the brain slice to demonstrate marked NAD(P)H autofluorescence in SN DA neurons. We study this signal to discern its dependence on mitochondria. Surprisingly, a mitochondrial uncoupler and cyanide (CN current injection, displayed a voltage sag indicative of I h current ( Figure 1C ). Thus their electrophysiology is characteristic of SN DA neurons. Second, after imaging of autofluorescence, slices were treated with the fluorescent DA transporter (DAT) substrate IDT307, which is taken up by DA neurons and becomes fluorescent upon binding to intracellular membranes (Chang et al., 2012; Karpowicz et al., 2013) . After removal of extracellular IDT307, SN neurons displaying autofluorescence were preferentially labeled by IDT307 ( Figure 1D ). Because the only neuronal cell bodies capable of taking up IDT307 in the SN are DA neurons, this dual labeling verifies that SN DA neuron cell bodies are autofluorescent. Furthermore, 75% of extrasomatic autofluorescent puncta in the SN ( Figure 1B) were also IDT307 positive ( Figure 1D ), likely arising from puncta in the DA neuron dendrites that might include sites of vesicular DA release. Together, optical and electrophysiological experiments demonstrate that SN DA neurons display elevated autofluorescence.
Autofluorescence optical properties suggest that it is derived from the reduced pyridine nucleotides NADH and NADPH. First, two-photon excitation spectra from SN neurons in slices and NADH in solution are similar ( Figure 2A ). Second, the empirical emission spectrum for DA neurons in SN slices estimated with short-pass filters and dichroic mirrors displayed fluorescence in the blue range ( Figure 2B ), consistent with NAD(P)H (Huang et al., 2002) . Of note, these data are not compatible with a major contribution from flavin nucleotides, which have significant excitation at 800 nm and a peak emission at >525 nm (i.e., toward the right side of Figure 2B ). Third, the slopes from log power versus log fluorescence plots are indistinguishable for NADH and SN DA neuron autofluorescence; both are subject to two-photon excitation ( Figure 2C ). Thus excitation and emission properties are consistent with autofluorescence in SN DA neurons being derived from NAD(P)H. Much of the NAD(P)H signal in living cells is derived from mitochondrial NADH, which is increased by interrupting the electron transport chain with CN − and decreased by uncoupling mitochondria with carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP). Acute treatment of slices for 5 min showed that autofluorescence in SN DA neuron cell bodies was increased by CN − and decreased by FCCP (Figure 2 , D-F). Although CN − could affect heme proteins outside of mitochondria, the decrease in two-photon autofluorescence induced by the uncoupler in concert with the CN − -induced increase are characteristic of mitochondrial pyridine nucleotides (Huang et al., 2002) . Line intensity profiles (Figure 2 , D and E) are consistent with an organellar contribution because changes induced by FCCP and CN − were not evenly distributed (as would be expected for a cytoplasmic increase superimposed on a heterogeneous background) but instead preferentially affected brighter structures. This trend is also
RESULTS AND DISCUSSION
While conducting two-photon microscopy studies of an antipsychotic drug in SN-containing brain slices (Tucker et al., 2015) , we noticed that large neuronal somas displayed marked autofluorescence. Quantification in slices made from different brain regions established that this neuronal signal was stronger in the SN pars compacta (SNc; 1.0 ± 0.04, n = 48) than in the SN pars reticulata (SNr; 0.60 ± 0.06, n = 28), the cortex (0.66 ± 0.06, n = 12), and the hippocampus (0.68 ± 0.05, n = 48; p < 0.01; Figure 1A ). Filling single autofluorescent SN neurons with sulforhodamine B revealed that autofluorescence was punctate and distributed throughout ovoid neurons with multiple dendrites ( Figure 1B ). Because this slice localization and morphology are consistent with DA neurons, we investigated the hypothesis that SN DA neurons have high autofluorescence. First, autofluorescent cell bodies were patch clamped to assess their electrophysiological characteristics. As would be expected for SN DA neurons, these cells produced slow pacemaker activity with broad action potentials and, upon hyperpolarization by tablished that SN DA neurons have low mitochondrial mass (Liang et al., 2007) . Therefore experiments were performed to compare localization of autofluorescence and mitochondria labeled with two mechanistically and spectrally distinct MitoTracker dyes-MitoTracker Green FM (Mito(G)) and MitoTracker Red chloromethyl-x-rosamine (Mito(R)). Imaging in living brain slice showed that mitochondria label similarly with either of the MitoTracker dyes and overlap with NAD(P)H in the soma, but the mitochondrial labeling was sparser and more punctate (Figure 3 , A, B, E, and F). In fact, in IDT307-positive somas (n = 7), 96 ± 3.6% of the MitoTracker marker overlapped with NAD(P)H signal, but only 56 ± 10% of the NAD(P)H overlapped with the mitochondrial marker. Thus these experiments demonstrate that NAD(P)H must be abundant in an organelle with a distribution that overlaps with, but is more extensive than, mitochondria. Peroxisomes, which contain pyridine nucleotides, are not expected to be so widespread, reticular, and overlapping with mitochondria. Thus these results led us to test the hypothesis that ER contributes to the signal.
We imaged NAD(P)H autofluorescence in slices containing SN before treatment with ER-Tracker Blue/White DPX (ER(BW); labels lipids; Figure 3 , C and D). Colocalization of autofluorescence with ER(BW) was extensive ( Figure 3C,D) . We then compared NAD(P)H autofluorescence distribution within the same cell to the distribution of Mito(R) and the mechanistically distinct ERTracker Green (ER(G); labels a protein). NAD(P)H and Mito(R) were imaged simultaneously, followed by ER(G) treatment and imaging. Mitochondria (Mito) displayed limited, punctate overlap with the ER (Figure 3 , E and F). Furthermore, NAD(P)H showed incomplete overlap with Mito(R) and extensive but incomplete colocalization with ER(G) alone. However, overlap by Mito(R) and ER(G) together was almost complete (Figure 3, E and F) . Therefore the organellar NAD(P)H pool includes mitochondria but, surprisingly, is dominated by ER.
Pyridine nucleotides do not permeate mitochondrial and ER membranes. Therefore it was expected that CN − and FCCP would alter mitochondrial NAD(P)H selectively (i.e., changes in autofluorescence should be punctate akin to and colocalized with the labeling by MitoTracker dyes; Figure 3 , A and B, middle, and E and F, top, middle). However, the CN − -induced NAD(P)H increase in SN DA neurons was not spatially limited to mitochondria ( Figure 4A ) but also increased in areas colocalized with ER ( Figure 4B) . Similarly, the FCCP-induced decrease in NAD(P)H was not limited to mitochondria ( Figure 4C ) but did so in areas localized to the ER as well evident in the optical sections ( Figure 2D ). Therefore optical properties (Figure 2 , A-C) and dependence on mitochondrial function (Figure 2 , D-F) together establish that elevated autofluorescence in SN DA neurons is derived from NAD(P)H, particularly from mitochondria.
However, the extensiveness of the organellar NAD(P)H signal was not expected because ultrastructure from brain tissue es- To explore this prediction, we loaded PC12 neuroendocrine cells with Mito(R), imaged NAD(P)H and Mito(R) simultaneously before and after CN − treatment, and finally stained the cells with ER(G). Consistent with DA neurons in the slice, mitochondria were punctate and limited compared with ER ( Figure 5 , A and B; Mito(R) in magenta; ER(G) in cyan) and CN − increased NAD(P)H ( Figure 5 , A-C; NAD(P)H in yellow). Also consistent with the ER response in the slice, the latter effect was far more extensive than for mitochondria ( Figure 5, A and B) . However, the increases in autofluorescence produced in Mito and ER occurred without a detectable change in the nucleus ( Figure  5C , Nuc). Therefore regulation of NAD(P)H in ER and Mito does not have to be accompanied by a change in the nucleus. This conclusion is further supported by experiments with ventral tegmental area DA neurons (K.R.T. and E.S.L., unpublished data). These experiments therefore suggest that nucleocytoplasmic NAD(P)H changes below the level of detection can drive ER responses to mitochondrial perturbations, or, reminiscent of the preferential passing of Ca 2+ from ER to mitochondria through the cytoplasm at contact points, avid redox shuttling between each organelle and the local cytoplasm might be sufficient for coupling pyridine nucleotide redox in two organelles without producing a detectable change in the nucleus. In the future, it will be of interest to explore the contributions of these two possibilities in different cell types by disrupting mitochondrial-ER contacts.
The results presented here demonstrate that NAD(P)H is elevated in SN DA neurons. This may reflect a compensatory mechanism to deal with the ongoing redox stress faced by these neurons because DA is reactive and their Ca 2+ dynamics affects mitochondria (Chinta and Andersen, 2008) . The low mitochondrial mass in SN DA neurons (Liang et al., 2007) further allowed us to discover that much of the somatic NAD(P)H signal is, surprisingly, derived from ER. Finally and most unexpected, we found coupling of ER and mitochondrial NAD(P)H. Regardless of the specific mechanism (see earlier discussion), coregulation of ER and mitochondrial NAD(P)H may serve two purposes. First, spatially separated mitochondria with different energy demands and microenvironments could share redox equivalents by having the ER act as a pyridine nucleotide redox wire between mitochondria. This mechanism would be advantageous, given the redox load and limited mitochondrial mass found in SN DA neurons (Liang et al., 2007; Chinta and Andersen, 2008) . Second, the redox state of the ER, which affects cholesterol synthesis and the unfolded protein response, is influenced by mitochondria. Therefore NAD(P)H coupling would provide a mechanism for coordinating redox in two stress-associated organelles. The present results therefore open up new avenues of study on pyridine nucleotide redox regulation and shuttles in ER and mitochondria.
( Figure 4D ). Because these changes cannot be attributed to a global change in cytoplasm ( Figure 2F ), the organellar responses indicate that the NAD(P)H in ER is coupled to known changes in mitochondria.
Redox equivalents are transferred from the lumen of mitochondria to the cytoplasm by a variety of shuttle mechanisms. Because nuclear pores are always permeable to small molecules, cytoplasmic NAD(P)H changes would be expected to equilibrate in the nucleus. All of the foregoing figures show that NAD(P)H in the nucleus of DA neurons is extremely low, although quantification shows that it is not zero. Of interest, very low nuclear NAD(P)H levels also changed in response to mitochondrial function: in the nucleus, NAD(P)H increased by 44 ± 5.8% (N = 18) in response to CN − and decreased by −10 ± 0.4% (N = 13) in response to FCCP. Therefore there is likely a similar low-concentration pool of NAD(P)H in the cytoplasm of DA neurons that changes because of mitochondrial shuttles.
If a global change in free nucleocytoplasmic NAD(P)H drives the detected responses in ER, then all cells showing the latter effect would be expected to display a nuclear NAD(P)H response to CN − . scope equipped with a Coherent (Santa Clara, CA) Chameleon Ultra titan ium:sapphire laser that was previously described in detail (Tucker et al., 2015) . Data were acquired with an Olympus LUMPlanFLN 60×, 1.0W water immersion objective at 10 μs/pixel with an axial spacing of 1.5 μm in slices and 1 μm in PC12 cell cultures at room temperature.
To compare the multiphoton excitation spectrum of the autofluorescence to NADH, SN somas and 2.5 mM NADH (SigmaAldrich, St. Louis, MO) were imaged with increasing excitation wavelengths from 710 to 900 nm (T525LPXR dichroic; OD4-525SP emission filter). The data were background subtracted and normalized to the peak fluorescence at 720 nm but not corrected for changes in laser output with wavelength. Although peak fluorescence was found to be 720 nm for the autofluorescence, slices were imaged with an excitation wavelength of 740 nm.
The empirical emission spectrum of the SN soma autofluorescence was determined using an excitation wavelength of 740 nm and comparing the autofluorescence collected with the following dichroic mirrors and emission filters: T470LPXR, T525LPXR, T635LPXR, OD4-450SP, and OD4-425SP. The percentage of the total signal with each optic was determined without correcting for the spectral response of the detector.
To compare the number of photons required to excite the autofluorescence and NADH, SN somas and 2.5 mM NADH in solution were stimulated with increasing levels of laser power at 740 nm. The log of somatic autofluorescence and NADH fluorescence was plotted against the laser power log, and the slope was calculated by linear regression.
Colocalization experiments
To determine the identity of the cells containing the autofluorescence puncta, the fluorescent monoamine transporter substrate IDT307 (also known as APP + ) was used (Karpowicz et al., 2013) . Colocalization with IDT307 in the SN would indicate the cells were DA neurons. Because the emission spectrum of IDT307 overlaps with the autofluorescence signal, two-photon images of the autofluorescence were taken before a 10-min bath application of 0.5-1 μM IDT307 (a generous gift from Randy Blakely, Vanderbilt University, Nashville, TN). Twophoton images of IDT307 were then taken with an excitation wavelength of 850 nm and an FF01-535/150 band-pass emission filter.
Mitochondrial autofluorescence was evaluated using two distinct MitoTracker dyes from ThermoFisher Scientific (Pittsburgh, PA). Mito(R) labels active mitochondria in a mitochondria membranepotential dependent manner. Live brain slices were incubated for 30 min with 500 nM Mito(R) and rinsed for 5 min before simultaneous imaging of autofluorescence by using 740-nm excitation with a T525LPXR mirror to separate the autofluorescence from the Mito(R) signals. Mito(G) labels all mitochondria, independent of membrane potential (Pendergrass et al., 2004) . Autofluorescence was imaged before a 30-min incubation with 500 nM Mito(G) at room temperature. Mito(G) was then imaged with an excitation of 850 nm and the signal collected with an FF01-535/150 band-pass emission filter.
MATERIALS AND METHODS

Slice preparation
All experiments were conducted according to University of Pittsburgh Institutional Animal Care and Use Committee-approved protocols and National Institutes of Health guidelines. Postnatal day 13 male Sprague Dawley rat pups and mother were received from Harlan Laboratories (Frederick, MD). Rats were housed in the University of Pittsburgh vivarium, maintained on a 12:12 h light cycle, and had ad libitum access to food and water.
Brain slice preparations were performed as previously described (Tucker et al., 2012 (Tucker et al., , 2015 with the addition of sectioning the striatum, hippocampus, and cortex. In brief, postnatal day 14-28 male Sprague Dawley rats were anesthetized with isoflurane and decapitated. The brain was then quickly removed and placed in ice-cold, 95% O 2 and 5% CO 2 -saturated, sucrose-modified artificial cerebral spinal fluid (s-aCSF) containing the following (in mM): 87 NaCl, 75 sucrose, 2.5 KCl, 25 NaHCO 3 , 1.25 NaH 2 PO 4 , 0.5 CaCl 2 , 7 MgSO 4 , 25 glucose, 0.15 ascorbic acid, and 1 kynurenic acid, pH 7.4. Coronal slices (250 μm) containing the SN, hippocampus, and cortex were cut using a Vibratome 3000 (Vibratome Company, St. Louis, MO) in ice-cold saCSF and then held in room temperature s-aCSF for 30 min. The slices were then held in 95% O 2 and 5% CO 2 -saturated aCSF containing the following (in mM): 124 NaCl, 4 KCl, 25.7 NaHCO 3 , 1.25 NaH 2 PO 4 , 2.45 CaCl 2 , 1.2 MgSO 4 , 11 glucose, and 0.15 ascorbic acid, pH 7.4.
Imaging
Multiphoton imaging experiments were conducted on an Olympus (Tokyo, Japan) FluoView FV1000 upright confocal scanning micro- The ER autofluorescence was evaluated using two distinct ERTracker dyes from ThermoFisher Scientific. ER(BW) has a two-photon excitation peak at 728 nm and a secondary peak at 800 nm with a broad emission spectrum (400-700 nm) that overlaps that of the autofluorescence (Bestvater et al., 2002) . Autofluorescence was imaged before a 30-min treatment with 0.5-1 μM ER(BW) and a 5-min wash. ER(BW) was then excited with 800 nm and the signal collected with an FF01-535/150 band-pass emission filter. ER(G) was used to confirm the staining of ER(BW). ER(G) and autofluorescence or Mito(R) colocalization was performed by first imaging autofluorescence and Mito(R) in SN sections incubated for 30 min with 500 nM Mito(R) and rinsed for 5 min before a 30-min treatment with 0.5-1 μM ER(G) and a 5-min wash. ER(G) was then imaged with 930-nm excitation and an FF01-535/150 band-pass emission filter.
Electrophysiology
Whole-cell current-clamp recordings were performed as previously described (Tucker et al., 2015) . The pipette solution contained the following (in mM): 120 potassium gluconate, 20 KCl, 10 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, 2 MgCl 2 , 0.1 ethylene glycol tetraacetic acid, and 1.2 ATP disodium salt, pH 7.3. Room temperature oxygenated aCSF was used for bath superfusion of midbrain slices at a rate of 2 ml/min. Somas were chosen for patching based on location in the SN (lateral to the medial lemniscus or at the SN/SNr boarder for clarity of individual cells) and prominent autofluorescence. Individual neurons were filled via the whole-cell recording configuration through the patch pipette with 15 μM sulforhodamine B (sRh; Sigma) in pipette solution. DA neurons were identified by well-defined electrophysiological characteristics (Grace and Bunney, 1983; Lacey et al., 1989; Richards et al., 1997) , that is, the presence of an Ih-dependent sag in membrane potential upon hyperpolarization, spontaneous pacemakerlike activity of 1-10 Hz, and broad (2-3 ms) action potentials, as previously described (Tucker et al., 2012 (Tucker et al., , 2015 . Autofluorescence and sRh were simultaneously imaged at 740 nm. The signals were separated with a T525LPXR dichroic. The autofluorescence signal was collected with an OD4 525SP filter and the sRh with an hq615/75m band-pass filter. Images of autofluorescence and sRh fluorescence were taken in stacks of ten to fourteen 1.5-μm z-plane sections after 5-10 min of sRh dialysis.
Drug treatments
NAD(P)H levels in midbrain slices were manipulated by blocking Complex IV of the electron transport chain with CN − and uncoupling the proton-motive force of oxidative phosphorylation with FCCP. SN-containing midbrain slices were imaged for autofluorescence before and after a 5-min incubation at room temperature with 1 μM FCCP, 1 mM sodium cyanide, or potassium cyanide (no significant difference; data were pooled) or vehicle control. Exposures were reduced to 1 min for PC12 cells, which were cultured in FluoroBright DMEM (ThermoFisher Scientific) with 10% fetal bovine serum.
Analysis
Image analysis was performed with the MacBiophotonics suite of plug-ins for ImageJ. The stacks from before (Pre) and after (Post) treatment were compared by visual inspection, relying on anatomical landmarks (cell bodies, nuclei, and vessels) to choose single optical sections from each stack that represent the same focal plane before and after treatment. In areas where somas were analyzed, a single equatorial optical section of the soma and nucleus were selected. Pre and Post stimulation images were then aligned with the − treatment in the nucleus (Nuc), Mito, and ER. Mito ROIs were measured using masks generated from the MitoTracker Red images simultaneously imaged with the autofluorescence. ER ROIs were created by subtracting the MitoTracker Red masks from the mask made from the ER(G) image collected after treatment; 12 cells. ****p < 0.0001 and **p < 0.01 indicate significant difference from 0 determined with a one-sample t test.
"align slices in stack" plug-in from the MacBiophotonics suite of plug-ins for ImageJ.
Line profile analysis of the CN − and FCCP experiments was performed using the Plot Profile function of ImageJ. For organellar structures of SNc cell bodies (single optical plane, not summed), the line tool was used to select the region through which to measure the fluorescence intensity profile. Those intensities were then plotted as a function of position before and after treatment.
PC12 somatic autofluorescence was subdivided into three compartments: the dark ovoid nucleus, mitochondria, and ER. The region of interest (ROI) for the soma and nucleus were selected and circumscribed manually in both slices and PC12 cultures. The mitochondrial ROIs were selected by creating a mask of Pre and Post mitochondrial images. Because the ER Tracker staining is extensive and overlaps with the MitoTracker staining, the Pre and Post mitochondrial masks were subtracted individually from the ER Tracker mask to produce mitochondria-free Pre and Post masks of the ER. Both Pre and Post values were background subtracted. The background fluorescence was measured in empty cells. Background was always lower than the nuclear pool.
Percentage fluorescence change was calculated from the equation
A positive fluorescence change indicates an increase in fluorescence. All values reported throughout this article are mean ± SEM, and N represents the number of somas measured per treatment. Statistical significance was determined in GraphPad Prism (v5.04) with a two-tailed Student's t test or one sample t test when determining whether a percentage difference value is significantly different from 0, where 0 indicates no change. Significance was set at p < 0.05 and is indicated by an asterisk (**p < 0.01, ***p < 0.001, ****p < 0.0001).
